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Recent studies have shown that Notch signaling
plays an important role in epidermal development,
but the underlyingmolecularmechanisms remain un-
clear. Here, by integrating loss- and gain-of-function
studies of Notch receptors and Hes1, we describe
molecular information about the role of Notch signal-
ing in epidermal development. We show that Notch
signaling determines spinous cell fate and induces
terminal differentiation by a mechanism independent
of Hes1, but Hes1 is required for maintenance of the
immature state of spinous cells. Notch signaling
induces Ascl2 expression to promote terminal differ-
entiation, while simultaneously repressing Ascl2
through Hes1 to inhibit premature terminal differenti-
ation. Despite the critical role of Hes1 in epidermal
development, Hes1 null epidermis transplanted to
adult mice showed no obvious defects, suggesting
that this role of Hes1 may be restricted to develop-
mental stages. Overall, we conclude that Notch
signaling orchestrates the balance between differen-
tiation and immature programs in suprabasal cells
during epidermal development.
INTRODUCTION
The epidermis of the skin is a stratified epithelium. Stratification
of the epidermis is a key process in epidermal development, but
it is not known how generation of a stratified epithelium from
a single-layered ectoderm is coordinated. It has been recently
shown, however, that Notch signaling plays a crucial role in the
initiation of epidermal development (Blanpain et al., 2006). The
Notch signaling pathway is a highly conserved molecular
network, but the outcome of Notch signaling differs depending
on the cellular and developmental context. Once activated by
ligand, the intracellular domain of the Notch receptor (NICD) is
cleaved by g-secretase, leading to translocation of the NICD
into the nucleus. NICD associates with the transcription factor
RBP-J to generate a transactivation complex that initiates tran-594 Developmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc.scription of target genes such as the hairy/enhancer of split
(Hes) transcriptional repressors (Kageyama et al., 2005).
Conditional ablation of Notch signaling in epidermal develop-
ment results in loss of the spinous and granular layers due to
hypoproliferation of the epidermis, indicating that Notch signal-
ing is required for commitment of basal keratinocytes to spinous
cell differentiation at early stages of epidermal development
(Blanpain et al., 2006). By contrast, postnatal ablation of Notch1
causes hyperproliferation of basal keratinocytes, suggesting that
signaling from Notch1 is required for cell cycle withdrawal of the
basal keratinocytes to promote terminal differentiation in the
postnatal epidermis (Nicolas et al., 2003; Rangarajan et al.,
2001). These apparently contradictory functions of Notch signal-
ing in the regulation of keratinocyte proliferation and differentia-
tion may reflect differences in the cell-context-specific functions
of Notch signaling between embryonic and postnatal keratino-
cytes or may be due to differential use of either canonical or non-
canonical pathways in the regulation of epidermal keratinocytes.
In both cases, however, the molecular mechanisms underlying
the regulation of epidermal development by Notch signaling
remain largely unknown.
In our current study we demonstrate multiple roles of Notch
signaling in epidermal development. By combining both loss-
and gain-of-function studies, we confirmed that Notch signaling
promotes spinous cell commitment from basal cells and induces
their terminal differentiation into granular cells. Moreover, we
reveal a crucial role for the Hes1 transcriptional repressor in
determining the outcome of Notch signaling via coordination of
the balance between maintenance of the spinous cell fate and
the induction of granular cell differentiation. Our present data
thus provide new insights into our understanding of how Notch
signaling accomplishes apparently contradictory tasks simulta-
neously, i.e., activating cell fate determination and terminal
differentiation programs while also preventing a terminal differ-
entiation.
RESULTS
Hes1 Is Required for the Generation of Spinous Layers
in the Interfollicular Epidermis
We found that at E18.5 mouse embryos lacking Hes1 (Hes1 KO)
displayed a consistently thinner epidermis on their backs
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Roles of Notch Signaling in Epidermal Developmentcompared to wild-type (WT) mice (Figures 1A and 1B). Histolog-
ical and ultrastructural analyses of Hes1 KO epidermis revealed
that the spinous layer, characterized by suprabasal cells con-
taining dense keratin bundles in their cytoplasm, was dramati-
cally reduced (Figures 1C and 1D). Granular layer cells were
present in Hes1 KO epidermis, although slightly decreased in
Figure 1. Loss of Spinous Layers in Hes1 KO Epidermis at E18.5
(A and B) Hematoxylin and eosin staining of dorsal skin at E18.5. BL, basal
layer; SP, spinous layer; GR, granular layer; SC, stratum corneum (cornified
layer).
(C and D) Transmission electron micrographs of ultrathin sections. Boxed
areas correspond to the higher magnification images in the bottom panels.
Granular cells having keratohyalin granules (KG) are present both WT and
Hes1 KO epidermis, while spinous cells containing keratin filament bundles
(Kf) are absent in Hes1 KO epidermis. BL represents basal layer cell.
(E–J) Immunofluorescence staining of E18.5 skin sections with antibodies
against K10 (green) and K15 (red) (E and F), involucrin (G and H), or loricrin
(I and J). Representative results for WT littermates (A, C, E, G, and I) and
Hes1 KO mice (B, D, F, H, and J) are shown. The blue signals indicate nuclear
staining. The dotted lines indicate the boundary between the epidermis and
the dermis. Scale bars, 20 mm.Dnumber. By contrast, no overt defects were evident in cornified
layers (Figures 1A–1D). A more detailed analysis by immunohis-
tochemical staining of the E18.5 epidermis with the granular cell
markers involucrin and loricrin clearly revealed the loss of
spinous layers in the Hes1 KO epidermis, whereas at least 2–3
layers of spinous cells, which are negative for these differentia-
tion markers, are normally present (Figures 1E–1J).
Hes1 KO mice also exhibit severe neurulation defects and die
during the later stages of embryogenesis (Ishibashi et al., 1995).
To investigate the role of Hes1 in the postnatal skin, we grafted
E18.5 skin fragments from Hes1 KO and WT mice onto nude
mice and examined them 26 days later. Despite the clear
E18.5 Hes1 KO epidermal phenotype, we could not detect obvi-
ous defects in Hes1 KO postnatal skin (see Figure S1 in the
Supplemental Data available with this article online). We con-
clude therefore that Hes1 is critical for the generation and/or
maintenance of spinous cells in epidermal development, but its
role, if any, in the postnatal skin is less clear.
Loss of Hes1 Causes Premature Differentiation
of Suprabasal Keratinocytes
To investigate how loss of Hes1 affects stratification of the
epidermis, we first determined the Hes1 expression profile dur-
ing epidermal development. We performed immunofluorescent
staining in skin and, beginning at E14.5, found that Hes1 protein
was readily detectable in the nuclei of the first suprabasal layer
(spinous layer) cells. From E15.5, Hes1 expression was confined
to the spinous layer cells (Figures 2A–2D). Therefore, consistent
with loss of the spinous layer cells in Hes1 KO epidermis, Hes1
expression was restricted to the spinous cells, where it was
expected to be functioning.
As Hes1 expression was initiated at E14.5, we focused our his-
tological analysis of the epidermis at E14.5 and E15.5 to further
characterize the defects in the Hes1 KO mice. The gross appear-
ance of skin sections ofHes1KO embryos at E14.5 was similar to
that of WT littermates (Figures 2F and 2G). However, at E15.5,
Hes1 KO embryos displayed a thinner epidermis than age-
matched WT littermates (Figures 2N and 2O), indicating that
Hes1 function is important in the epidermis during these devel-
opmental stages. To clarify the role of Hes1, Hes1 KO epidermis
at E14.5 and E15.5 was further investigated by immunohisto-
chemical analysis of keratinocyte differentiation and proliferation
markers. The general view is that Hes1 negatively regulates
terminal differentiation (Kageyama et al., 2005). Therefore, we
tested whether Hes1 plays a role in regulation of terminal kerati-
nocyte differentiation during epidermal development.
In WT epidermis, at E15.5 both involucrin and loricrin became
detectable in the outermost layer, and this is when the earliest
terminally differentiated granular cells appear after the initiation
of stratification (Figures 2T and 2W). At E14.5, expression of
these markers is essentially undetectable (Figures 2J and 2L).
In Hes1 KO epidermis, however, these proteins were already
present in the spinous layer at E14.5 (Figures 2K and 2M),
suggesting premature differentiation of the spinous layer cells.
Keratin 5 (K5), a marker for immature basal cells, was occasion-
ally detected in the spinous cells of WT epidermis at E15.5
(Figure 2P), but inHes1KO epidermis this expression was strictly
confined to the single basal layer (Figure 2Q), suggesting accel-
eration of differentiation. Thus, these data provide evidence forevelopmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc. 595
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dermis at E14.5–E15.5. In parallel with these immunohistochem-
ical analyses, quantitative PCR (Q-PCR) also revealed that both
involucrin and loricrin mRNA levels were dramatically elevated in
the Hes1 KO epidermis at E14.5 (Figure 2Y), indicating that this
premature expression is regulated at the transcriptional level.
Recent in vitro studies suggest that canonical Notch signaling
via Hes1 triggers the expression of suprabasal genes such as
keratin 1 (K1) and keratin 10 (K10) (Blanpain et al., 2006). We
thus evaluated whether Hes1 is also involved in fate determination
of spinous cells in vivo. We performed immunohistochemical
staining for K10 in theHes1KO epidermis, as this is one of the ear-
liest markers of spinous cell fate commitment from immature
basal cells and is normally expressed throughout the suprabasal
epidermal layers (Figures 2H and 2R). We detected strong K10 ex-
pression comparable to WT in the Hes1 KO epidermis (Figures 2I
and 2S), indicating that suprabasal fate commitment may take
place in vivo even in the absence of Hes1. In support of these
Figure 2. Premature Differentiation of
Spinous Cells into Granular Cells in the
Hes1 KO Epidermis
(A–E) Frozen dorsal skin sections at the indicated
developmental stages were analyzed by immuno-
fluorescence with an antibody against Hes1. WT
dorsal skin is shown in (A)–(D). Hes1 KO dorsal
skin at E15.5 (E) was used as a negative control.
(F and G) Hematoxylin and eosin staining of dorsal
skin from WT littermates (F) and Hes1 KO mice (G)
at E14.5.
(H–M) Frozen dorsal skin sections at E14.5 were
analyzed by immunofluorescence with polyclonal
antibodies against keratin 10 (K10) (H and I), invo-
lucrin (J and K), and loricrin (L and M). Representa-
tive results for WT littermates (H, J, and L) and
Hes1 KO (I, K, and M) are shown.
(N and O) Hematoxylin and eosin staining of dorsal
skin at E15.5 in WT littermates (N) and Hes1 KO
mice (O).
(P–X) Frozen dorsal skin sections from E15.5 em-
bryos were analyzed by immunofluorescence
with antibodies against keratin5 (K5) (P and Q),
K10 (R and S), involucrin (T and U), and loricrin
(W and X). Skin sections from WT littermates (P,
R, T, and W) and Hes1 KO mice (Q, S, U, and X)
are shown. The blue signals indicate nuclear stain-
ing. The dotted lines indicate the boundary be-
tween the epidermis and the dermis. Scale bars,
20 mm.
(Y) Expression of the indicated keratinocyte differ-
entiation markers in Hes1 KO epidermis. The re-
sults of Q-PCR analyses of K1, K10, involucrin,
and loricrin are shown for WT or Hes1 KO epider-
mis at E14.5. Each expression value was calcu-
lated based on DDCt method using Actb as an in-
ternal control. The data represent the average of
three individual animals. Error bars indicate SD.
immunohistochemical results, Q-PCR
analysis further showed that K1 and K10
mRNA levels in Hes1 KO epidermis were
comparable with WT (Figure 2Y), indicat-
ing that this expression is not dependant
on Hes1 in vivo. Therefore, in contrast to a previous report, our
findings suggest that Hes1 is not required for the commitment
of spinous cells from basal cells.
Taken together, our data indicate that Hes1 KO epidermis
undergoes premature differentiation of spinous layer cells during
E14.4–E15.5, but the commitment switch for spinous layer cells
is initiated in a Hes1-independent manner.
Hes1 Maintains the Proliferative Potential
of Both Suprabasal and Basal Keratinocytes
in Embryonic Epidermis
The Hes1 KO skin phenotype, which is characterized by a mark-
edly thinner epidermis at E18.5 (Figure 1), is not likely to be
caused solely by aberrant differentiation of suprabasal keratino-
cytes, because during the early stages of normal epidermal
development the spinous and basal layers proliferate continu-
ously, allowing scope for compensatory activity. In addition, im-
munostaining with an antibody recognizing cleaved caspase-3596 Developmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc.
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Basal Cells in the Hes1 KO Epidermis
(A–D) Frozen dorsal skin sections at the indicated developmental stages were
analyzed by immunofluorescence using antibody against the proliferation
marker Ki67. Typical results for WT littermates (A and C) and Hes1 KO mice
(B and D) are shown.
(E–G) Staining (E and F) and quantification (G) of BrdU incorporation. WT (E) or
Hes1 KO (F) skin sections were stained with antibodies against BrdU and K15.
Frequency of BrdU-positive cells in the basal layer of either the WT or Hes1KO
epidermis was plotted (G). The data represent the average of three indepen-
dent experiments. Error bars indicate SD.Drevealed no evidence of apoptosis in the Hes1 KO epidermis
(Figure S2), excluding the possibility that this may cause the
thinner phenotype. Hence, to explain the Hes1 KO epidermal
phenotype, we hypothesized that the proliferative potential of
the epidermis may also be affected.
To investigate this possibility, we examined Hes1 KO skin
samples from E14.5–15.5 embryos for expression of the prolifer-
ation marker Ki67. At E14.5, theHes1KO and WT epidermis both
showed Ki67-positive nuclear staining in the spinous and basal
layers (Figures 3A and 3B). However, a dramatic reduction in
Ki67 expression was evident in these layers in the E15.5 Hes1
KO epidermis, while most of the basal cells in the WT epidermis
retained Ki67 expression at this stage (Figures 3C and 3D). In
addition, transient 5-bromo-20-deoxyuridine (BrdU) incorpora-
tion revealed a marked reduction in proliferating cells in the basal
layer in KO animals (Figures 3E–3G). These data thus demon-
strate that the proliferative potential of spinous and basal cells
is reduced in the Hes1 KO epidermis.
As it has been previously demonstrated that p63 plays a crucial
role in maintenance of the proliferative potential of basal keratino-
cytes (Senoo et al., 2007), we next investigated expression of p63
in theHes1KO epidermis. By immunohistochemical staining, p63
was abundantly expressed in both the spinous and basal cells at
E14.5 in WT andHes1KO epidermis (Figures 3H and 3I). However,
at E15.5, p63 was considerably downregulated in both cell types
in Hes1 KO epidermis (Figures 3J and 3K). Consistent with this
observation, the level ofp63mRNA was also significantly reduced
in the E15.5 Hes1 KO epidermis (Figures 3L and 3M).
Thus, the epidermal phenotype in the E18.5 Hes1 KO epider-
mis, where spinous layers are dramatically reduced in the inter-
follicular epidermis (Figure 1), may result from a combination of
premature differentiation of suprabasal cells and reduced prolif-
eration of basal cells.
Notch Signaling Is Required for Both Spinous
and Granular Cell Differentiation
The phenotype that we observed in Hes1 KO epidermis differs sig-
nificantly fromthatseen inprevious studies inwhichNotchsignaling
was conditionally ablated in either embryonic or postnatal epider-
mis (Blanpain et al., 2006; Rangarajan et al., 2001). The contrasting
results may be due to the differential use of Hes1-dependent and
Hes1-independent pathways downstream of Notch signaling. To
test this possibility,we performed a series of loss- and gain-of-func-
tion studies of Notch in the epidermis to dissect the roles of its
different downstream pathways during epidermal development.
First, we conditionally downregulated Notch signaling in the
embryonic epidermis by generating K14-Cre;Notch1lox/lox;
Notch2lox/lox (N1N2 dcKO) mice. Consistent with a prior report
in which RBP-J was conditionally ablated in the epidermis
(RBP-J cKO) (Blanpain et al., 2006), the N1N2 dcKO epidermis
exhibited a considerably thinner epidermis due to a reduction
in both the spinous and granular layers (Figure S3).
(H–M) Frozen dorsal skin sections at the indicated stages were analyzed by
immunofluorescence with an antibody against p63 (H–K). Frozen dorsal skin
sections at E15.5 were analyzed by in situ hybridization using a p63 antisense
probe (L and M). Results from WT littermates (H, J, and L) and Hes1 KO mice
(I, K, and M) are shown. The blue signals correspond to nuclear staining. The
dotted lines indicate the boundary between the epidermis and the dermis.
Scale bars, 20 mm.evelopmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc. 597
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mis, we analyzed immunohistological markers for the basal,
suprabasal, and granular layers. Consistent with the thinner
epidermal phenotype, K10-positive suprabasal layer cells were
selectively reduced in the N1N2 dcKO epidermis (Figures 4A
and 4B), indicating that Notch signaling is required for the gener-
ation and/or maintenance of suprabasal cells during epidermal
development. K15, a marker for basal layer cells at this stage
of epidermal development, was exclusively expressed in basal
layer cells in the control epidermis (Figure 4A). By contrast, a pro-
nounced number of K15-positive/K10-negative cells were also
evident in the lowermost suprabasal layer of theN1N2 dcKO epi-
dermis, suggesting retardation of spinous cell differentiation
(Figure 4B). Furthermore, a significant reduction in loricrin
expression was observed in the N1N2 dcKO epidermis (Figures
4C and 4D), indicating an important role of Notch signaling in
granular cell differentiation. Taken together, our findings suggest
that Notch signaling plays a crucial role in promotion of both
spinous and granular layer differentiation during epidermal
development.
Figure 4. Hes1-Independent Notch Signal-
ing Functions in Spinous Cell Fate Determi-
nation, whereas Hes1-Dependent Notch
Signaling Functions in Granular Cell Fate
Determination
(A–D) Frozen dorsal skin sections from
N1lox/loxN2lox/lox mice (A and C) and K14Cre;
N1lox/loxN2lox/lox mice (B and D) were subjected to
immunofluorescent staining with antibodies
against K10 (A and B) or loricrin (Lor) (C and D).
Arrowheads in (B) indicate cells lacking K10 ex-
pression in the second layer of the epidermis,
where K10-expressing cells normally exist.
(E) Q-PCR analysis of K1 and K10 mRNA expres-
sion in MPEK cells derived from either WT or
Hes1 KO (KO) mice, infected with adenoviruses
expressing GFP (cont), intracellular domain of
Notch1 (NICD), or a constitutively active form of
RBP-J (RBP-CA). Each expression value was cal-
culated with the DDCt method using Actb as an
internal control. Relative value indicates the fold
increases over the WT control.
(F) Q-PCR analysis of K1 and K10 mRNA expres-
sion in MPEK cells infected with adenoviruses
expressing either GFP (cont) or Hes1.
(G–Q) Frozen dorsal skin sections from WT (G, K,
and L), K14Hes1 (H and J), K14NICD (I), K1NICD
(M and N), or K1Hes1 (O–Q) transgenic mice were
analyzed by immunofluorescent staining with anti-
bodies against Hes1 (G, H, N, and P), K10 (green)
and K15 (red) (I–K, and O), and loricrin (Lor) (L, M,
and Q). The blue signals indicate nuclear staining.
The dotted lines indicate the boundary between
the epidermis and the dermis. Scale bars, 20 mm.
Notch Signaling Downregulates
Basal Fate and Promotes Spinous
Cell Differentiation via a Hes1-
Independent Mechanism
We next conducted gain-of-function
studies to further elucidate the role of
Notch signaling during epidermal development. For these exper-
iments, we utilized a transgenic approach with a constitutively
active form of the intracellular domain of Notch1 (NICD1) and
the Hes1 gene.
First, to test a role of Notch signaling in spinous-fate determi-
nation, we generated transgenic mice in which NICD1 was
expressed under the control of the K14 promoter (K14NICD1)
to ectopically activate Notch signaling in basal layer cells. In con-
trast to the N1N2 dcKO epidermis, which exhibited a slight
expansion of the K15-positive layers (Figure 4B), constitutive
activation of Notch signaling in basal layer cells resulted in a dra-
matic reduction of K15-expressing cells in the basal layer
(Figure 4I), suggesting that Notch signaling plays a suppressive
role in maintenance of basal cell fate. Therefore, consistent
with prior studies in which Notch signaling was constitutively
activated in the entire epidermis (Blanpain et al., 2006), these
data demonstrate a crucial role of Notch signaling in suppression
of basal fate during epidermal development.
Previously, it has been suggested that Hes1 promotes spinous
cell fate by stimulating spinous gene expression (Blanpain et al.,598 Developmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc.
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the Hes1 gene was expressed in basal cells under the control
of the K14 promoter (K14Hes1). Unlike in the K14NICD1 epider-
mis, and despite strong expression of Hes1 protein in the basal
layer (Figure 4H), K15-positive/K10-negative cells remained
in the basal layer of the K14Hes1 epidermis (Figure 4J). Hence,
unlike the effect of NICD1, constitutive expression of Hes1 in
the basal layer did not suppress basal fate or induce spinous
cell differentiation. Taken together, these results suggest that, al-
though activation of Notch signaling in basal layer cells sup-
presses basal fate, Hes1 is not capable of doing so. However,
we cannot completely exclude the possibility that ectopic over-
expression of Hes1 causes unexpected effects in the basal cells.
In addition to our in vivo analysis of the K14NICD1 and
K14Hes1 epidermis, adenoviral overexpression of NICD1 in cul-
tured primary keratinocytes resulted in a dramatic induction of
the spinous layer genes K1 and K10 in both WT and Hes1 KO
keratinocytes (Figure 4E), indicating a strong spinous cell-pro-
moting activity of Notch signaling by a mechanism that is not
dependent on Hes1. Furthermore, overexpression of Hes1 in
primary keratinocytes did not induce K1/K10 expression and,
in fact, suppressed the expression of both markers (Figure 4F).
From integrating the results of these in vivo and in vitro studies,
it appears that Notch signaling downregulates basal fate and
promotes spinous cell differentiation in a Hes1-independent
manner.
Activation of Notch Signaling in Spinous Cells Induces
Granular Cell Differentiation, but also Maintains
Spinous Fate via a Hes1-Dependent Mechanism
Our phenotypic analysis of theN1N2 dcKO epidermis suggested
that Notch signaling was also involved in the induction of
granular cell differentiation. To investigate this possibility, we
conducted gain-of-function studies of Notch signaling in spinous
layers. We generated transgenic mice expressing NICD1 under
the control of the K1 promoter (K1NICD1). This promoter was
chosen as it has specific transcriptional activity in the lowermost
suprabasal cells (spinous cells) from E14.5 (Greenhalgh et al.,
1993) (Figure S4).
In contrast to WT epidermis, immunofluorescent staining of
K1NICD1 epidermis revealed a pronounced expansion of lori-
crin-positive cell layers (Figures 4L and 4M). Hence, and consis-
tent with previous findings (Uyttendaele et al., 2004), constitutive
activation of Notch signaling in spinous cells accelerates granu-
lar cell differentiation. In addition, enhanced expression of Hes1
protein was also observed in spinous layer cells of K1NICD1 epi-
dermis, providing clear evidence that Notch activation in spinous
cells triggers Hes1 expression (Figure 4N).
Despite strong expression of Hes1 in the spinous layers, the
effect of NICD1 expression in these layers was quite limited.
As endogenous Hes1 function is tightly regulated by both tran-
scriptional and posttranscriptional mechanisms (Hirata et al.,
2002), we reasoned that this might be a consequence of negative
feedback regulation. If so, the effect of upregulated endogenous
Hes1 in the K1NICD1 epidermis might be compensated for by an
unknown mechanism. Therefore, to demonstrate the function of
Hes1 in the maintenance of spinous layer cells, we generated
transgenic mice in which the Hes1 gene was artificially
expressed in the spinous layers under the control of the K1Dpromoter (K1Hes1). In contrast to Hes1 KO epidermis, in which
the spinous layers were lost (Figure 1), gain of Hes1 function in
the K1Hes1 epidermis resulted in a massive expansion of K10-
positive/loricrin-negative spinous layer cells (Figure 4O). Further-
more, in parallel with the expansion of spinous cells, immunoflu-
orescent staining revealed extensive Hes1 expression in the
suprabasal cells (Figure 4P), demonstrating that constitutive ex-
pression of Hes1 causes an accumulation of spinous layer cells.
Collectively, these data demonstrate that Hes1 plays a crucial
role in the maintenance of spinous layer cells.
The existence of loricrin-positive cells in the outer layers of
K1Hes1 epidermis (Figure 4Q) suggested that the expanded spi-
nous cells are capable of differentiating into granular cells. Hes1
expression should be downregulated in the outer suprabasal
layers where K1 promoter activity becomes diminished. In addi-
tion, a comparison of the expression patterns of loricrin and
Hes1 proteins in both the K1NICD1 and K1Hes1 epidermis
indicated that their expression in the suprabasal cells is mutually
exclusive. This raises the intriguing possibility that Hes1 down-
regulation in the suprabasal cells may promote granular cell
differentiation.
Notch Signaling Represses Ascl2 Expression
in the Spinous Layers via a Hes1 Repressor, while
Acting Directly to Promote the Expression of Ascl2
Our loss- and gain-of-function studies of Notch signaling re-
vealed that it had seemingly contradictory roles in the spinous
layers, where it both promotes and prevents granular differenti-
ation. Therefore, an obvious question was how a single signaling
pathway could have such contradictory effects in one location.
To address this question, we investigated the molecular mecha-
nism of Notch activity in spinous cells.
In light of the critical role of Hes1 in the maintenance of spinous
cells, we first explored the molecular targets of Hes1 in spinous
layer cells. As Hes1 is thought to be a transcriptional repressor,
loss ofHes1 is expected to cause aberrant upregulation of genes
that are normally repressed in spinous layer cells. To identify
such genes, we conducted comparative global transcript analy-
sis by microarray. Among the genes that were preferentially
overexpressed in Hes1 KO, we focused on Ascl2, as it is an
Achaete/Scute-related basic helix-loop-helix (bHLH) transcrip-
tional activator that has been implicated in trophoblast differen-
tiation (Guillemot et al., 1994).
The upregulation of Ascl2 in the Hes1 KO epidermis was con-
firmed by both quantitative PCR (Q-PCR) and in situ hybridiza-
tion. Q-PCR analysis revealed a greater than 7-fold increase in
the levels of Ascl2 in the Hes1 KO epidermis relative to WT
(Figure 5A). In situ hybridization also revealed strong Ascl2 ex-
pression in the spinous layer of the Hes1 KO epidermis at
E15.5, whereas in the WT epidermis only low levels of Ascl2
were observed in the outer suprabasal epidermis (Figures 5B–
5E). As expression of Hes1 is restricted to the spinous layer cells,
these observations suggested that Hes1 might play a direct role
in repressing Ascl2 expression in this layer.
To determine whether Hes1 directly regulates Ascl2 expres-
sion, the region 1 kb upstream of the transcription initiation site
of the mouse Ascl2 gene was screened for Hes1-binding motifs.
We identified at least two Hes1 consensus binding sites in the
Ascl2 promoter. A chromatin immunoprecipitation (ChIP) assayevelopmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc. 599
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tion of Ascl2 by Notch Signaling
(A) Q-PCR analysis of Ascl2 expression in freshly
isolated E14.5 dorsal skin epidermal sections.
The data represent the average of three indepen-
dent experiments. Error bars indicate SD.
(B–E) Frozen dorsal skin sections at E15.5 were
analyzed by in situ hybridization using anAscl2 an-
tisense (B and C) and sense probe (D and E). Skin
sections from WT littermates (B and D) and Hes1
KO mice (C and E) are shown. K5 staining is indi-
cated by the green signals; nuclear staining is
highlighted by the blue signal. Scale bar, 20 mm.
(F) Specific binding of Hes1 to the Ascl2 promoter.
MPEK cells were infected with adenoviral con-
structs expressing HA-tagged Hes1, and pro-
cessed for chromatin immunoprecipitation (ChIP)
with an anti-HA antibody and IgG as a nonimmune
control. Q-PCR amplification of the region of the
Ascl2 gene described in the indicated map (lower
panel; nucleotides 6929 to 6808 [1]; nucleo-
tides 247 to +3 [2] containing two Hes1 consen-
sus binding sites) was also performed. The
amount of precipitated DNA was calculated rela-
tive to the total input chromatin.
(G) Q-PCR analysis of Ascl2 expression in MPEK
cells derived from WT or Hes1 KO mice infected
with adenoviruses expressing GFP control (cont),
intracellular domain of Notch1 (NICD), or a consti-
tutively active form of RBP-J (RBP-CA).
(H) Specific binding of RBP-J to the Ascl2 pro-
moter. MPEK cells were infected with adenovirus
expressing RBP-J, and processed for ChIP with
an anti-RBP-J antibody and IgG as a nonimmune
control. Q-PCR amplification of the region of the
Ascl2 gene indicated in the map (lower panel; nu-
cleotides 6929 to 6808 [1]; nucleotides 1008
to 908 [2] containing a RBP-J consensus binding
site; nucleotides 322 to 222 [3] containing
a RBP-J consensus binding site) was performed.
The amount of precipitated DNA was again calcu-
lated relative to the total input chromatin. The data
represent the average of three independent exper-
iments. Error bars indicate SD.and subsequent Q-PCR analysis revealed that a DNA fragment
containing these sites was strongly amplified from crosslinked
chromatin isolated by Hes1 immunoprecipitation (Figure 5F).
These data clearly show that Hes1 specifically binds to the
promoter region of Ascl2 at its consensus binding sites.
To demonstrate the repressible role of Hes1 in the regulation of
Ascl2 expression, primary keratinocytes obtained from either WT
or Hes1 KO epidermis were infected with recombinant adenovi-
rus expressing NICD1 or a constitutively active form of RBP-J,
RBP-CA (Kuroda et al., 1999). Ascl2 mRNA was then quantified
by Q-PCR. We found that both NICD1 and RBP-CA induced
a dramatic increase of Ascl2 expression in Hes1 KO keratino-
cytes but not in WT keratinocytes (Figure 5G), demonstrating
that Hes1 is involved in repression of Acsl2. Intriguingly, these
findings also suggested that activation of canonical Notch sig-
naling can promote Ascl2 expression in the absence of Hes1
(Figure 5G). Consistent with this, ChIP analysis revealed specific
binding of RBP-J protein to consensus binding sites in the Ascl2
promoter, thus providing evidence that canonical Notch signal-
ing can directly promote Ascl2 expression (Figure 5H).600 Developmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc.Ascl2 Overexpression in the Suprabasal Keratinocytes
Mimics the Epidermal Phenotype of the Hes1 KOMouse
Given the key role of the bHLH transcriptional activators in cell
fate specification during animal development, we reasoned
that the misexpression of Ascl2 in the Hes1 KO epidermis might
be a primary cause of its aberrant differentiation. We investi-
gated this possibility using transgenic mice expressing Ascl2 in
spinous layer cells under the control of the K1 promoter
(K1Ascl2IresGFP).
As expected, K1Ascl2IresGFP mice showed a similar pheno-
type to Hes1 KO mice in which the epidermis was thinner than
that of their WT littermates, K5 expression was restricted to the
basal layer, and the downregulation of Ki67 and p63 was also
evident in the epidermis (Figure 6). These results indicated that
ectopic overexpression of Ascl2 was sufficient to induce aber-
rant differentiation of the spinous layer cells and reduce the
proliferative capacity of the basal and spinous cells, as observed
in the Hes1 KO epidermis.
Our current data thus demonstrate that Hes1 plays a crucial
role in fate specification of spinous and granular cells, in which
Developmental Cell
Roles of Notch Signaling in Epidermal DevelopmentNotch signaling through Hes1 represses Ascl2 to maintain the
spinous cell fate. In the absence of Hes1, however, Notch signal-
ing directly activates Ascl2 expression to promote granular
cell fate. The overall model that we propose, based upon our
findings, is shown in Figure 7.
Figure 6. Similar Epidermal Phenotypes of
Ascl2-Overexpressing Transgenic Mice
and Hes1 KO Mice
Frozen dorsal skin sections from K1Ascl2IresGFP
transgenic mice (B, D, F, H, and J) and WT litter-
mates (A, C, E, G, and I) at E15.5 were analyzed
by immunofluorescence with antibodies against
K5 (A and B), K10 (C and D), p63 (E and F), Ki67
(G and H), and involucrin (Inv) (I and J). Anti-GFP
staining (green) indicates specificity transgene
expression. The blue signals indicate nuclear
staining. The dotted line indicates the boundary
between the epidermis and the dermis. Scale
bar, 20 mm. Overexpression of Ascl2 mRNA or
Ascl2 protein was confirmed by RT-PCR and
Q-PCR or western blotting analysis (Figure S5).
Figure 7. Model of the Role of Notch Signaling in Epidermal Kerati-
nocyte Differentiation
Schematic diagram illustrating the multiple roles of Notch signaling in epider-
mal development. Notch signaling promotes spinous cell commitment by
a mechanism independent on Hes1, while Hes1 plays an essential role for
the maintenance of spinous cells. Sustained Notch activation in spinous cells
may result in the accumulation of Hes1 protein, leading to the downregulation
of Hes1 by the autoregulatory feedback loop. This may subsequently release
Ascl2 promoter from Hes1-mediated repression, and promoteAscl2 transcrip-
tion by Notch/RBP-J to induce granular differentiation. In the absence of Hes1,
Notch signaling directly promotes Ascl2 expression to induce premature gran-
ular differentiation, resulting in loss of spinous cells. Furthermore, we found
loss of proliferating potential of the basal cells inHes1KO epidermis, indicating
a possibility that non-cell-autonomous signaling from suprabasal cells may
regulate proliferation of basal cells, as has been suggested previously (Feng
et al., 1997).
DISCUSSION
Multiple Roles of Notch Signaling
during Epidermal Development
By conducting both loss- and gain-of-
function studies of Notch receptors and
Hes1, we have obtained strong physio-
logical evidence that Notch signaling plays multiple roles in the
coordination of proper stratification during epidermal develop-
ment. During epidermal development, spinous cells have to
carry out at least three distinct tasks simultaneously: upregula-
tion of specific genes required for suprabasal cell differentiation
and repression of genes specifically expressed in the basal layer
cells; maintenance of their immature and proliferative status to
prevent premature terminal differentiation; and eventual initiation
of the terminal differentiation program to differentiate into gran-
ular cells. Our in vivo studies demonstrate that Notch signaling
regulates all of these three tasks in spinous layer cells in either
a Hes1-dependent or a Hes1-independent manner.
It has previously been suggested that Notch signaling plays
a crucial role in determination of the spinous cell fate from basal
cells (Blanpain et al., 2006). These data were essentially
confirmed in our current study, as we observed retardation of
spinous cell differentiation in the N1N2 dcKO epidermis and
found that constitutive activation of Notch signaling in the basal
layer cells in K14NICD1 transgenic mice suppressed basal fate.
However, our conclusions regarding the role of Hes1 in this pro-
cess differs from previous studies in which it has been suggested
from in vitro experiments that Hes1 induces the expression of
spinous genes such as K1/K10.
We observed in our in vivo genetic studies that there was no
significant downregulation of K1 or K10 expression in Hes1 KO
epidermis either at the mRNA or protein level. Moreover, forced
expression of Hes1 in basal cells in the K14Hes1 epidermis did
not result in upregulation of K1/K10 expression or promote
a cell fate conversion from basal cells to spinous cells, as was
seen in the K14NICD1 epidermis. In addition, and consistent
with these in vivo results, we found from our in vitro analyses
that overexpression of Hes1 in primary keratinocytes did not in-
duce K1 or K10, whereas forced expression of NICD1 in Hes1
null keratinocytes did so strongly. These data provide evidence
that induction of K1/K10 expression by NICD1 does not requireDevelopmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc. 601
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ing in fact promotes spinous cell fate determination via a
Hes1-independent mechanism.
We did not find a requirement for Hes1 in the induction of
suprabasal gene expression, but we did find that Notch signaling
acting through Hes1 plays a critical role in the maintenance of
spinous cells. Loss of Hes1 function caused premature differen-
tiation of spinous cells into granular cells, resulting in a lack of
spinous layers during epidermal development. Conversely,
forced expression of Hes1 in spinous layer cells in K1Hes1
epidermis resulted in massive expansion of K1-positive/lori-
crin-negative spinous layer cells. Moreover, we found marked
upregulation of Hes1 in spinous layer cells when NICD1 was
overexpressed in the suprabasal cells of the epidermis, indicat-
ing that this Hes1 expression was mediated by Notch signaling.
Taken together, these data provide physiological evidence that
Notch signaling, acting through Hes1, is required for the mainte-
nance of spinous cells at early stages of epidermal development
by preventing premature granular differentiation. Therefore, our
findings suggest that Hes1 serves as a key gatekeeper that
protects the spinous layer cells from inappropriate differentiation
during epidermal development.
Previously it has been shown that a transgenic expression of
NICD1 under the control of the involucrin promoter, i.e., gain-
of-function Notch signaling, resulted in acceleration of granular
cell differentiation (Uyttendaele et al., 2004). Consistent with
this, we found that the N1N2 dcKO epidermis displays a signif-
icant reduction of loricrin, whereas forced expression of NICD1
in the spinous cells of K1NICD1 transgenic mice resulted in
accumulation of loricrin-positive cells in the developing epider-
mis. Thus, from these loss- and gain-of-function studies, we
conclude that Notch signaling plays an essential role in pro-
moting granular cell differentiation. Based on the presence of
granular layers in the Hes1 KO epidermis, it seems likely that
Hes1 is not required for the promotion of granular cell differen-
tiation.
Our findings thus reveal a triple function of Notch signaling in
spinous cells: it induces spinous-fate commitment, promotes
further differentiation into granular cells via a Hes1-independent
mechanism, and at the same time maintains spinous cell fate and
prevents premature differentiation in a Hes1-dependent manner.
Hence, our in vivo studies have elucidated multiple roles of the
Notch signaling pathway in spinous cells during the early stages
of epidermal development.
Intriguingly, and despite the presence of clear defects during
epidermal development, we did not observe any obvious abnor-
mality in postnatal Hes1 KO epidermis in our skin graft experi-
ments. These data might suggest that Hes1 function in the epi-
dermis is restricted to epidermal development, although we
cannot at this stage rule out the possibility that Hes1 functions
in a small portion of the postnatal epidermis, where defects in
the Hes1 KO epidermis escaped detection. Indeed, the latter
possibility is supported in our immunohistochemical analysis in
which Hes1 expression is detectable only a small population in
the adult epidermis (Figure S6A). In any case, further studies
are required to define the exact role of Hes1 in the postnatal
epidermis. To this end, analysis of postnatal epidermis in which
the Hes1 gene is conditionally ablated in an epidermis-specific
manner is currently underway in our laboratory.602 Developmental Cell 14, 594–604, April 2008 ª2008 Elsevier Inc.In addition to these multiple functions of Notch signaling in
spinous cells at early stages of epidermal development, our ob-
servations also indicate that loss of Hes1 severely affects p63
expression and proliferation in basal cells. As Hes1 expression
is restricted to spinous layer cells during epidermal develop-
ment, the phenotype of basal cells inHes1 KO epidermis is prob-
ably due to a secondary effect from prematurely differentiated
suprabasal cells. Consistent with this idea, we showed that the
basal cell phenotype in Hes1 KO epidermis was recapitulated
in the K1Ascl2IresGFP epidermis, in which Ascl2 expression
was targeted to suprabasal cells, indicating the possibility of
non-cell-autonomous regulation of basal cell proliferation, as
has been suggested previously (Feng et al., 1997). Furthermore,
we observed that suprabasal cell proliferation and p63 expres-
sion in Hes1 KO epidermis were comparable to WT at E14.5,
when the earliest Hes1 expression is detectable in suprabasal
cells, arguing against the possibility that Hes1 acts cell-autono-
mously to regulate p63 expression and proliferation. Taken
together, these data suggest that Hes1 plays an important role
in maintaining the p63 expression status and proliferative poten-
tial of basal cells through a non-cell-autonomous mechanism. In
this context, the underlying molecular mechanism may be differ-
ent from the recent proposal that Notch signaling and p63 can
counteract each other in a cell-autonomous manner (Nguyen
et al., 2006).
As p63 plays an essential role in maintaining the proliferative
potential of basal cells (Senoo et al., 2007), it seems plausible
that downregulation of p63 expression contributes to the re-
duced proliferative potential of basal cells in Hes1 KO epidermis.
Future studies will be necessary to clarify a molecular link
between Notch/Hes1 signaling and p63 expression in the regu-
lation of basal cell proliferation.
Molecular Mechanisms Underlying the Regulation
of Spinous Layer Cells by Notch Signaling
By integrating our current findings and previous data regarding
Notch signaling in epidermal development, we propose a work-
ing model to explain the contradictory roles of Notch in the spi-
nous layer cells (Figure 7). First, as shown in previous reports
(Blanpain et al., 2006), activation of Notch signaling in the spi-
nous cells promotes their fate determination by initiating genetic
programs that are required for suprabasal differentiation, in
which Notch signaling induces suprabasal-specific genes such
as K1 and K10 and represses basal genes such as K15 and
the b1 and a6 integrins. In contrast to previously reported
(Blanpain et al., 2006) in vitro data in which Hes1 was shown to
promote K1/K10 expression, our current in vivo data indicate
that the expression of these markers is mediated through
a mechanism that is independent of Hes1. We have shown
instead that Hes1 is in fact required for the maintenance of the
immature and proliferative status of the spinous cells.
Based upon the ability of Notch/RBP-J to bind to the promoter
region of Ascl2, we speculate that activation of Notch signaling
in spinous cells is capable of promoting the expression of both
the Hes1 and Ascl2 genes, whereas subsequent Hes1 binding
to the Acsl2 promoter interferes with Notch/RBP-J-induced
Ascl2 expression in spinous layer cells, resulting in inhibition of
Ascl2. Under such circumstances, the spinous cells can maintain
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ther differentiation triggered by Ascl2.
Although Hes1 expression is essential for the maintenance of
spinous layer cells, this repressor must eventually be downregu-
lated to initiate granular differentiation. The spinous cells would
otherwise be aberrantly expanded, as occurred in the K1Hes1
epidermis. The tightly regulated expression of Hes1 in the spi-
nous layers suggests that a specific negative feedback mecha-
nism may operate. Consistent with this idea, we showed that
the artificial overexpression of Hes1 via the K1 promoter caused
a dramatic expansion of Hes1-expressing spinous layer cells,
whereas stimulation of the endogenous Hes1 promoter by
NICD1 in the K1NICD1 epidermis caused quite restricted Hes1
expression and limited expansion of spinous cells. This suggests
that the expression of Hes1 from its endogenous promoter
is tightly regulated by a negative feedback mechanism. In fact,
it has already been demonstrated that Hes1 is regulated by
an autoregulatory feedback loop, in which the Hes1 protein
represses its own gene promoter activity by directly binding
to a consensus element therein (Hirata et al., 2002). Accumula-
tion of Hes1 protein in spinous cells could lead to a downregula-
tion of the Hes1 gene by this negative feedback mechanism,
which could in turn release the Ascl2 promoter from Hes1-medi-
ated repression and allow activation of Ascl2 transcription via
Notch signaling to initiate granular cell differentiation. Therefore,
we contend that our proposed model provides a good explana-
tion of how a single signaling entity such as Notch can accom-
plish multiple tasks in the same spinous layer cells, where it de-
termines spinous cell fate and promotes further differentiation to
granular cells, while simultaneously preventing terminal differen-
tiation to maintain the immature state of spinous cells.
Despite the crucial role of bHLH transcription factors in
orchestrating organogenesis, prior to our study, there was little
evidence for a role of activator-type bHLH transcription factors
in epidermal development. Therefore, our implication of Ascl2
might provide a new insight into understanding the molecular
mechanisms of epidermal development. However, loss-of-func-
tion analyses are still required to demonstrate that Ascl2 does in
fact play a key role in this context. In preliminary studies, we
found that Ascl2 is detectable in suprabasal layers of the adult
epidermis (Figure S6B), suggesting that Ascl2 also plays a role
in the adult epidermis. Intriguingly, and despite profound upre-
gulation of Ascl2 in the embryonic Hes1 KO epidermis (Figures
5B and 5C), its expression in the adult Hes1 KO epidermis
is comparable to that of wild-type epidermis (Figure S6C).
Although these data indicate a possibility that Ascl2 expression
in the adult epidermis might be regulated by a mechanism inde-
pendent on Hes1, it is also possible that Hes1 functions to
repress Ascl2 expression only in a small population of epidermis,
where the aberrant Ascl2 expression in the Hes1 KO epidermis
escaped detection. In any case, future studies are necessary
to clarify the exact molecular function of Ascl2 in the epidermis.
Concluding Remarks
Our current findings uncover multiple roles of Notch signaling in
the coordination of proper stratification during epidermal devel-
opment. We found that Notch signaling promotes spinous cell
fate specification from basal layer cells and further induces gran-
ular differentiation, but simultaneously prevents further differen-Dtiation to maintain an immature spinous fate. Our model provides
new insights into the understanding of a complex developmental
role of Notch signaling in which it both inhibits and promotes
differentiation depending on the precise cellular circumstances
in which it is acting.
EXPERIMENTAL PROCEDURES
Mice
Hes1 KO mice (Ishibashi et al., 1995) were a generous gift from R. Kageyama,
Kyoto, Japan. Details of transgenic mice are included in the Supplemental
Data. All animal experiments were performed in accordance with the guide-
lines of the RIKEN Center for Developmental Biology for animal and recombi-
nant DNA experiments.
Histology, In Situ Hybridization, and Immunohistochemical Analysis
Skin samples and embryos were fixed in 4% paraformaldehyde, embedded in
OCT, frozen, and sectioned at 10 mm. Sections were then either subjected to
hematoxylin and eosin staining, in situ hybridization, or immunohistochemical
analysis, as previously described (Moriyama et al., 2006). The probes and
antibodies used in this study are described in the Supplemental Data.
Cell Culture and Adenovirus infection
Mouse primary epidermal keratinocyte (MPEK) cells were harvested from the
E18.5 WT or Hes1 KO mice and maintained in CnT-07 (CELLnTEC) culture
medium according to the manufacturer’s protocol. Adenoviruses expressing
Hes1, NICD1, and RBP-CA were constructed using the ViraPower adenoviral
expression system (Invitrogen) according to the manufacturer’s protocol.
ChIP Assay
The ChIP assay was performed using the ChIP-IT Enzymatic Shearing Kit
(Active Motif) according to the manufacturer’s instructions. Details are
included in the Supplemental Data.
Microarray Analysis and Q-PCR
Detail of methods for microarray analysis and Q-PCR are provided in the
Supplemental Experimental Procedures.
SUPPLEMENTAL DATA
Supplemental Data include six figures and Supplemental Experimental Proce-
dures and can be found at http://www.developmentalcell.com/cgi/content/
full/14/4/594/DC1/.
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